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Tropical cyclones are form of intense storms which are common in the Bay of Bengal (BOB) and known for their 
damage potential to human and natural resources especially in the coastal parts of India, Bangladesh and Myanmar. A two-
way effect is prominent between BOB’s sea surface temperature (SST) and these cyclonic events. On one side, BOB’s high 
SST favours formation of cyclones and on the other side it itself gets affected whenever cyclone occurs. The later part along 
with circulation patterns has been simulated here with the help of high resolution Regional Ocean Modeling System 
(ROMS) for 'MALA' cyclone. Remote sensing instrument Quick Scatterometer (QuikSCAT)-derived daily wind components 
are used as atmospheric forcing conditions for ROMS simulations. ROMS circulation is found highly sensitive towards 
QuikSCAT wind forcing and reveal an anticlockwise rotation with high magnitude currents due to cyclone passage. Near 
surface as well as deeper isotherm and isohaline surfaces show high degree of spatial variability and overall indication of 
upwelling happening on near track area. It is found that mixed layer depth reduces at the storm centre due to intense 
upwelling but increases far away from it because of high winds. Due to intrusion of bottom high saline water and reduction 
of temperature, density increases from its initial value which affects water column stability from surface to even below  
150 m depth. 
[Keywords: Bay of Bengal; Regional ocean modeling system; ‘MALA’ cyclone; Mixed layer depth; Z26; Brunt Vaisala]  
Introduction 
The Bay of Bengal (BOB) is situated on the 
northern side of the Indian Ocean. It is a tropical basin 
which is land surrounded from three sides: North, east 
and west. Due to its unique location, the BOB is 
influenced by both northern and southern sides. From 
northern aspect, some of the major rivers from Asian 
land mass bring huge river discharges to it creating 
always a low salinity pool persisting on the northern 
Bay. From southern side, remote forcing in the form 
of planetary waves coming from equatorial Indian 
Ocean are responsible for thermodynamic variability 
in the interannual scale1,2. BOB also experiences very 
frequent and severe tropical cyclonic storms every 
year. One of the major reason is the BOB’s high sea 
surface temperature (SST) (>28oC) which creates 
favourable situation for convective activities and 
formation of those cyclones3,4,5. These cyclones cause 
huge destruction of lives as well as resources in the 
surrounding coastal parts of the BOB. So, to predict 
landfall and tracks of these cyclones, strong research 
exist which mainly deal with high resolution model 
studies as well as advanced numerical techniques to 
achieve accurate forecasts of cyclone track, storm 
surge and cyclone caused inundation6,7. However, the 
literature particularly focussing on the effects of 
cyclones on oceanic part have been overlooked for a 
long time. The reason is obviously due to scarcity of 
good quality oceanic observations than the 
atmospheric part. In recent time, it has been observed 
that good quality SSTs are very much important to be 
used as lower boundary conditions in cyclone 
simulations. Moreover, role of upper ocean heat 
content in the formation of cyclone and its track 
movements are well established8,9. In this regard, 
model simulated SST and deeper temperature 
conditions subjected to previous realistic cyclones can 
provide essential background information in future 
cyclone simulations. These facts provide a strong 
need to study the cyclone-induced changes in the 
ocean. More precisely, recent literatures reveal that 
cyclone passage over the BOB not only influences the 
ocean thermodynamic structure beneath it but also 
enhances primary productivity in the vicinity of its 
track10,11. So both physical as well as ecological 
interests have been included in the cyclone simulation 
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studies. It has previously been shown that Orissa 
super cyclone caused large decrease of SST following 
its passage12. Later studies with in situ observations 
have shown a similar decrease in SST during the 
passage of ‘MALA’ cyclone while similar results both 
at surface and subsurface are also recorded for other 
cases13,14,15. Those studies have provided valuable 
information regarding the BOB’s response to tropical 
cyclones. However, several constraints are there 
present with those studies, as most of those literatures 
are based on satellite or in situ data only. The 
constraints are identified as: (i) Satellite data are 
limited to surface layer of ocean whereas in situ data 
are irregularly distributed and sometimes located far 
away from cyclone track; (ii) Those in situ data may 
give true information at their respective locations, but 
neither an overall spatial pattern nor a long time series 
information can be obtained. (iii) Number of those in 
situ observations is very less than required. All these 
factors create difficulty in analysing the spatial 
thermodynamic variability for both surface and 
deeper levels. Especially, cyclone center points 
remain unexplored due to those constraints. Hence, 
the only solution is to go for high resolution model 
studies which can reduce those constraints to a 
great extent provided model results should be 
realistic and accurate. In this regard, some pioneer 
works exist where the effects associated with 
cyclone passage are well documented for 
temperature and circulation patterns with the help 
of numerical model simulations. But major 
limitations in those studies have been low 
resolution model and use of idealized cyclone 
tracks which cause model outputs to deviate from 
realistic cyclone scenarios16,17. Moreover, 
circulation patterns are not expressed correctly. So 
to address these issues, in this study, high 
resolution ROMS simulations have been performed 
for ‘MALA’ cyclone with satellite derived daily 
surface wind forcing.  
In this context, it is essential to keep in mind that 
surface winds are crucial parameters to resolve 
circulation features in an ocean model18,19. 
Formation of surface eddies, mass transport even 
upper ocean heat exchanges are governed by wind 
induced effects20,21. Especially for cyclones cases, 
finer resolution realistic wind components are very 
much necessary to resolve short-scale circulation 
patterns, thermodynamic variabilities and perform 
storm surge analysis in numerical ocean models22,23. 
To achieve this objective, high quality satellite 
derived wind components can be very much useful. 
Therefore, daily quick scatterometer satellite 
(QuikSCAT) wind components are used for surface 
wind forcing for the 'MALA' cyclone simulation. 
Brief descriptions of the wind dataset and ROMS with 
adopted methodology are provided here followed by 
results, discussions and conclusions of this study. 
 
Material and Methods 
ROMS (www.myroms.org) is a free surface, terrain 
following, primitive equation based model written in 
F90/95. It is extensively used for ocean and 
atmospheric applications24,25,26,27,28. Being high 
resolution and regional model, ROMS was very easily 
set up for the BOB. The area extents considered were 
4oN-24oN and 76oE-100oE. The bathymetry data was 
obtained from Earth Topography and Bathymetry 2 
arc-minute (ETOPO2) datasets. ROMS was run for 
consecutive six years spin up. It was observed that 
after 3rd year only ROMS reached annual cycle and 
then repetition of this cycle continued for next years. 
ROMS six-year run data was efficiently used for 
analysing BOB’s short scale surface as well as 
subsurface eddies26,27,19. Those features found very 
prominent in monthly scale and circulations patterns 
also well correlated with satellite and drifter 
observations. However, for cyclone simulations, 
strategy should be different because it is a very 
short-term phenomenon of maximum three to four 
days. In that case, monthly climatological 
conditions may not induce accurate model results. 
Rather synoptic temperature and salinity conditions 
with daily atmospheric forcing are very much 
needed to induce cyclone-generated thermohaline 
changes. For this purpose, objective analysis (OA) 
technique was adopted for assimilating in situ data 
into ROMS spin up data. Three time segments were 
considered here: Before, during and post-cyclone 
periods. OA technique is based on least  
square optimal estimation and Gauss-Markov 
theorem29. Harvard Ocean Prediction System OA 
(http://mseas.mit.edu/archive/HOPS/OA/Readme.oa) 
package was utilized for performing this assimilation. 
Model spin up daily temperature and salinity fields 
were assimilated with all available in situ data for pre, 
during and post ‘MALA’ cyclone period to generate 
synoptic conditions for cyclone simulation. A total 
number of 93 in situ float profiles were used for this 
assimilation. Various input parameters for OA are 
shown in Table 1. 
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Daily atmospheric wind forcing were adopted from 
QuikSCAT satellite derived products. QuikSCAT is 
microwave scatterometer operating in Ku band (~14 
Ghz)30. It transmits microwave pulses towards earth’s 
surface and then measures the signal returning towards 
detection sensor. From this back scattered signal, surface 
10 m wind fields are computed. Datasets are calibrated 
with respect to rain free WindSat data to remove data 
biases (http://www.remss.com/missions/qscat). 
Other atmospheric forcing include precipitations 
from Modern Era Retrospective-analysis for Research 
and Applications (MERRA), radiation fluxes from 
National Centers for Environmental Prediction 
(NCEP), surface air temperature (SAT) and specific 
humidity from Woods Hole Oceanographic Institute 
(WHOI) were also applied for 'MALA' simulation. 
Cyclone track information was obtained from India 
Meteorological Department (IMD). For verification of 
ROMS results, Ocean Surface Current Analysis Real-
time (OSCAR) oceanic current31 data was collected from 
Asia-Pacific Data-Research Center (APDRC) website 
(http://apdrc.soest.hawaii.edu/datadoc/podaac_oscar.php). 
Results  
 
Study area and cyclone track 
Figure 1 shows the BOB bathymetry in meters. The 
upper portion of the BOB is shallower, less than 500 
m while the southern portion is deeper than 4000 m 
indicating sharp slope from southern to northern end 
of the basin. Figure 1 also indicates 'MALA' cyclone 
track. End position (Source: IMD) of 'MALA' for 
each respective day is indicated with black circle.  
It shows that from the starting point  
to its landfall, movement direction changed 
significantly from north-west to north-east. Figure 2 
gives in situ scattered data and OA results for surface 
 
Table 1 — Input parameters for OA 
Zonal and meridional grid spacing 9 km 
Number of points in zonal direction 409 
Number of points in meridional direction 361 
Domain centroid longitude  88 
Domain centroid latitude 14 
Radius of influence  100 km 
Number of depth levels  33 (0 to 5500 m) 
 
 
 
 
Fig. 1 — BOB bathymetry (m) from ETOPO5 and ‘MALA’ 
cyclone track indicated by black line with circle. 
 
 
Fig. 2 — Upper panel shows in situ scattered surface temperature data: (a) pre cyclone (b) during cyclone and (c) post cyclone period.
Lower panel gives OA derived assimilated temperature: (d) Apr 20, (e) Apr 27 and (f) May 09 for ‘MALA’ in the study region. 
710
temperature 
OA data are 
 
Effect of win
Figure 3 
vectors with
(left panel) a
SST in back
High magnit
by deep shad
value is fou
understandin
cyclone vort
respective d
magnitude, 
current spee
vectors. Vor
found very m
is found red
sides where 
indicates ob
shows antic
current patte
magnitude o
ROMS simu
 
Effect on isot
To inves
variability, d
and mixed l
mean spatial
(MLDA) for
period (1st to
85-100oE is
vicinity reg
dominated b
relevant her
pre-event pe
maps. Pre-c
strong negat
Fig. 4 — 
in the BOB 
very much pr
d on ocean c
indicates th
 wind stress
nd ROMS si
ground (right
ude of positi
ed red colou
nd near 2.2
g, a small w
ex and it is
ay. Due to r
surface circu
d also increa
tices of rota
uch at same
uced more 
circulation is
served surfa
lockwise rota
rns in ROM
f currents i
lations. 
herms, mixed
tigate the u
epth of 20oC
ayer (MLD) 
 anomaly ma
 cyclone (26t
 5th April). A
 selected t
ion. North-w
y seasonal c
e. Drastic c
riod are ve
yclone posi
ive anomaly
OSCAR surface
INDI
region. Spat
ominent.  
irculation 
e QuikSCA
 curl in shad
mulated curr
 panel) for 2
ve wind stres
r in backgrou
068e-06 Pa 
indow is sele
 moved alon
otating wind
lation gets 
ses as visib
ting wind a
 place. Conse
on the south
 very much i
ce current (O
tion. This a
S simulated 
s little more
 layer and iso
pwelling ind
, 26oC isoth
are analysed
p of Z26 (Z
h to 29th Apri
n area cover
o specifical
estern BOB
irculation so 
ontrasts betw
ry much ev
tive Z26A 
 which pers
 current on 27 A
AN J. MAR. SC
ial variations
T wind str
ed backgrou
ent vectors w
5th to 29th Ap
s curl is visi
nd and avera
m-1. For bet
cted around 
g the track 
 with increas
influenced a
le from curr
nd currents 
cutive day S
–south east
ntense. Figur
SCAR) wh
lso verifies 
results althou
 and abrupt 
haline surfac
uced isothe
erm (Z20, Z2
. Figure 5 giv
26A) and ML
l) and pre-ev
ing 5-18oN a
ly focus tra
 is primar
that area is 
een event a
ident in Z2
is replaced 
ists through
pril and 2 May
I., VOL. 48, NO
 
 
 in 
ess 
nd 
ith 
ril. 
ble 
ge 
ter 
the 
for 
ed 
nd 
ent 
are 
ST 
ern 
e 4 
ich 
the 
gh 
in 
es 
rm 
6) 
es 
D 
ent 
nd 
ck 
ily 
not 
nd 
6A 
by 
out 
track 
MLDA
 
Fig. 3 
(left pa
(right p
 2006. Cyclonic
. 05, MAY 201
vicinity. Sim
 but oppos
— QuikSCAT
nel) and ROM
anel). 
 eddies are prom
9 
ilar contras
ite in phase
 wind stress c
S simulated S
inent due to pos
ts are also f
. In case of
url with vecto
ST with curren
 
itive wind stres
ound for 
 MLDA, 
rs overlaid 
ts overlaid 
s curl. 
GHOSHAL & CHAKRABORTY: RESPONSE OF QUICK SCATTEROMETER WIND FORCING ON THE ROMS 
 
 
711
effects are more prominent than Z26A as most parts 
of the selected area show high MLD. 
The temporal evolution of Z26A, MLDA and wind 
speed (WS) at two random locations (L1: 10.5oN 
89.2oE, L2:14.5oN 92.5oE) are chosen on the right 
side of cyclone track (Fig. 6). During cyclone, sharp 
decline for Z20, 26 is visible from a pre-cyclone high 
values. After cyclone passage, their negative anomaly 
continues to exist for both cases.  
Figure 7 indicates vertical temperature and salinity 
structure during pre- (22nd April) and post-cyclone 
period (28th April). Shoaling of isotherm as well as 
isohaline surfaces are observed beneath the cyclone 
centre. Figure 8 provides temporal anomaly profile of 
sea surface salinity (SSSA) and density (RHOA). Pre- 
and post-cyclone phase contrasts as well as similarity 
between both signals are very much prominent in the 
profile patterns. 
 
Effect on water column stability 
The BOB average mean vertical Brunt Vaisala 
frequency (N) for April month is computed and given 
in Figure 9. It starts from a value near to 0.01, 
increases to 0.02 at around 50 m and then gradually 
decreases. Same is also shown for cyclone centres on 
each respective day which is in contrast with the 
climatological mean N profile. Cyclone simulated N 
shows smaller values near surface indicating low 
water column stability at those positions. 
 
Discussion 
IMD datasets reveal that 'MALA' cyclone formation 
started on 25th April 2006 with depression created  
 
 
Fig. 5 — Upper panel: mean map of Z26A for (a) Pre-cyclone and 
(b) Cyclone period. Lower panel: Mean map of MLDA for
(c) Pre- cyclone and (d) Cyclone period. 
 
 
 
Fig. 6 — Temporal profiles of (a) Z20A, Z26A, MLDA and (b)
WS at two random locations on the right side of cyclone track. 
 
 
Fig. 7 — Vertical sections of (a) Temperature and (b) Salinity for 
pre-cyclone period along 90.5oE, whereas (c) and (d) represent 
similar but for post-cyclone period. IMD cyclone centre is marked 
with magenta coloured star. 
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around 9.5oN, 90.5oE. The evolution of the storm is as 
follows: On 25th April itself, it transformed to 
cyclonic storm (around 10oN, 89.5oE) and persisted 
till 26th, and on 27th April it further intensified into 
severe cyclonic storm to very severe cyclonic storm 
(around 12.5-13oN, 90.5oE). Then it moved towards 
Myanmar with landfall on 29th April. It is observed 
from Figure 3 that winds started converging towards 
low pressure zone (10-14oN, 88-93oE) on 25th April. 
Due to this high wind stress, ocean currents started 
spreading towards all direction showing initial stage 
of divergence (right uppermost panel of Figure 3). 
Due to Coriolis force, surface winds started rotating 
cyclonically (anticlockwise) visible on next day. This 
anticlockwise rotation and strong positive wind stress 
curl are considered responsible to form anticlock wise 
rotating currents which were fully developed with 
high magnitude in ROMS simulation32. The result was 
divergence and upwelling of the ocean water. As a 
result of that, with cooler water rising to surface, and 
SST dropped significantly. This phenomenon was 
clearly observed on 27th April. Further, ‘MALA' 
reached near the coast on 28th April and similar 
spreading of waters as well as upwelling induced low 
SST were observed near the coast before landfall. It is 
found that currents deflect right side of the cyclone 
track and ultimately flows towards south-eastern BOB 
because of Coriolis force effect. The average current 
speed in the area defined between 11-15oN, 88-92oE 
reached from initial value of 0.19 m s-1 to 0.36 m s-1 
during cyclone showing ~ 89% increase due to 
cyclone-induced energy. Moreover, standard 
deviation of current speed was also high around this 
region; ranged up to 0.18 from a surrounding value of 
0.04 indicating high variability during the event. 
Current strength was maximum in the surrounding 
 
Fig. 8 — RHOA (kg/m3) and SSSA (PSU) temporal profile at ‘MALA’ cyclone centre. 
 
 
 
Fig. 9 — Brunt Vaisala frequency (N) from climatological vertical
mean for April month and at IMD cyclone centres for each
respective day. 
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area of the vortex centre and a mean value of 0.1440 
(N-m) eddy kinetic energy is found for 'MALA' 
cyclone period. Standard deviation of SST also 
indicated same degree of variability similar to 
currents in that defined area. The ROMS simulated 
currents were also confirmed to a large extent by 
OSCAR surface currents (Fig. 4). However, Not only 
at surface level, upwelling induced effect is expressed 
at subsurface levels also which is indicated by 
negative Z26A at the IMD cyclone centre (Green star) 
during the event and indicates large isotherm shoaling 
at the centre due to strong upwelling but, far from the 
centre effect reduces (Fig. 5b). It indicates upwelling 
was very intense at the cyclone vortex centre than the 
surrounding area. MLDA map shows more contrasts 
than Z26A. In normal situation, MLD depends on 
wind induced mixing33,34. High winds lead to mixed 
layer deepening. However, at the cyclone centre, 
negative MLDA indicate upwelling was stronger than 
wind induced mixing (Fig. 5d). This phenomenon has 
also been confirmed by previous simulation 
studies35,17. Positive MLDA are found present on both 
sides of cyclone track indicating deepening of MLD 
due to high wind than pre-cyclone period. These 
findings indicate that the BOB shows high degree of 
spatial variability during cyclones that cannot be 
captured without model simulations. Figure 6 has 
added more insight to this. Temporal profiles of 
Z20A, 26A (Fig. 6a) at two locations just on the right 
side of cyclone track indicate continuous decrease of 
isotherm depths due to divergence. Time lag between 
the two locations are clearly reflected on the isotherm 
patterns. MLDA profiles (Fig. 6a) show complete 
opposite trend. Starting with sharp increase, high 
positive values are observed during cyclone period. 
Past literatures confirm that winds are always intense 
on the right side of cyclone track due to enhancement 
in the strength of anticlockwise rotation by its forward 
movement36,14. This wind causes mixed layer 
deepening as rightly observed for MLDA profiles in 
Figure 6a. However, MLD suddenly reduces after 
cyclone passage. This anomalous behaviour is 
explained with QuikSCAT WS profiles at those two 
locations (Fig. 6b). Temporal evolution of WS is 
highly supportive of MLDA profiles and sudden 
decrease of WS during post 'MALA' period caused 
reduction in MLD. Vertical temperature, salinity 
patterns (Figure 7) also indicate intense shoaling of 
isotherm as well as isohaline surfaces which in turn 
affect the ocean water column normal stratification. 
Due to shoaling of isohaline surfaces at the centres, 
high salinity water has come up which causes density 
to rise abruptly. It has been found that not only at 
deeper levels but surface salinity has also increased 
significantly (Fig. 8) as the result of both SST 
reduction and saline water intrusion. During cyclone 
phase, rapid increase in the value of surface salinity 
and density is observed which even persists just after 
cyclone and then slowly decreases. This shows that 
during post 'MALA' period the BOB was acting 
slowly than the starting phase. 
Nonetheless, alteration in the density structure 
makes the water column more unstable. Therefore, to 
investigate water column stability, Brunt Vaisala 
frequency (N) is calculated (Figure 9). N is defined as 
follows: 
 
	ܰ ≡ ඥ݃ܧ ൌ ටቀെ௚ఘ
ௗఘ
ௗ௭ቁ       … (1) 
 
Where g is the gravitational acceleration and ρ is 
the potential density. High value of N represents water 
column is stably stratified. N is also very large where 
sharp density gradient exists. In case of ‘MALA’, it is 
found that N is very small at the surface which is the 
result of increased density. Moreover, for consecutive 
days, value of N gets more reduced near thermocline 
region. This means from surface to deeper 
thermocline region stability of water column was very 
much affected due to cyclone induced energy. Even 
the effect was persisting below 150 m depth.  
 
Conclusion 
A comprehensive analyses of BOB’s thermohaline 
and circulation behaviour during realistic cyclone 
'MALA' are achieved here with ROMS simulations 
which are not possible only with scattered 
observations. ROMS simulations subjected to cyclone 
period atmospheric conditions are found highly 
sensitive and well correlated with previous literature 
findings especially for currents. It is also found that 
QuikSCAT satellite derived winds are efficient to 
produce prominent changes in model thermodynamic 
structure during 'MALA' period. That event is 
characterized by prominent cyclonic eddy at the 
centre of intensification followed by strong upwelling 
which is extended from surface to deeper levels and 
also in the track vicinity. Mixed layer at the cyclone 
center decreases due to intense upwelling but 
increases away from track due to strong winds. 
ROMS results in that case are found to be strongly 
coinciding with observed satellite derived wind field 
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and also point out an overall high degree of spatial 
variability caused by cyclone-induced effects. This 
study has been limited to single model only. Hourly 
scale simulations with ocean-atmospheric-wave 
coupled models can add more insights to the findings 
of this work particularly from the context of internal 
waves during cyclone period. In this regard, authors 
will communicate more in near future. 
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